mRNA analogues containing several 4-thiouridine (thio-U) residues at selected positions were prepared by T7-transcription. The spacer region between the Shine-Dalgarno sequence and the AUG codon consisted of four or eight bases with a single thio-U at a variable position; alternatively, cro-mRNA analogues were used carrying the thio-U substituted spacer sequence UUGU. The mRNAs were bound to E.coli ribosomes, and-after irradiation-the sites of crosslinking to 16S RNA were analysed. Three cross-links to the 16S RNA from the spacer region were observed, namely to positions 665, 1360, and a site close to nucleotide 1530. The cross-links were formed in different amounts in the presence or absence of tRNA tMet , and were observed from thio-U residues located at various positions within the spacer sequence, although in the presence of tRNA they were in general stronger from positions close to the Shine -Dalgarno end of the spacer. The cross-linking behaviour in this upstream area of the mRNA is thus rather different in character from the previously published pattern in the downstream area. From considerations of structural conservation in small subunit RNA, we propose that both the upstream and downstream cross-links to 16S RNA reflect a universal mRNA path through the ribosome.
INTRODUCTION
In a recent series of papers (1 -6), we have described a systematic study of cross-links formed between mRNA and 16S ribosomal RNA. The method used was the 'site-directed cross-linking' technique, whereby photo-reactive 4-thiouridine (thio-U) residues are introduced at desired positions within synthetic mRNA analogues, and, after binding to Escherichia coli ribosomes in the presence of a suitable tRNA species followed by photoactivation of the thio-U, the cross-linked ribosomal components are analysed. The objective of this work was to define a set of contacts between the mRNA and ribosomal RNA, which-in combination with model-building studies-should help to solve the important question of the path of the mRNA through the ribosome.
Up to now we have concentrated on the downstream region of the mRNA, and have analysed (6) the cross-linking patterns from thio-U residues located at every position on the mRNA between +1 and +16; (position +1 is defined as the A-residue of the AUG initiation codon. The adjacent nucleotide 5' with respect to this A-residue is defined as position -1). Four crosslinks to 16S RNA were identified within this region, centred on positions +4, +6, +7 and +11 of the mRNA. The analysis was not pursued to sites further downstream, because the +16 position has been determined by 'toe-printing' experiments (7, 8) as being the limit of the downstream region in the mRNA which interacts strongly with the ribosome. From the corresponding upstream region of the mRNA we have already reported a crosslink to the extreme 3'-terminal area of 16S RNA (1, 3) , but a systematic 'point-by-point' analysis of the upstream region has not yet been made. This paper describes such an analysis.
A cross-linking study of the upstream region of the mRNA is complicated by the well-known fact that the spacer between the Shine-Dalgarno sequence and the AUG start codon is of variable length. We have therefore made parallel analyses with sets of mRNA analogues carrying a thio-U residue at different positions within a spacer sequence of either 4 or 8 nucleotides; 8 nucleotides is the spacer length that has been found to give optimal initiation in vitro (9; L.Gold, personal communication), whereas 4 nucleotides is the corresponding length in the naturallyoccurring cro-mRNA (10) . In the latter case the spacer has the U-rich sequence UUGU, and-as in our previous studies (e.g. 4)-we have also made analyses using mRNA analogues carrying this cro-type spacer. Since the extreme 3'-terminus of the 16S RNA (which forms base-pairs with the Shine-Dalgarno sequence *To whom correspondence should be addressed of the mRNA) is believed to be rather flexible (e.g. 11), we did not feel that it would be profitable at this stage to look for crosslinks at mRNA positions upstream of the Shine-Dalgarno sequence. Accordingly, the data that we report here are confined to the spacer region, and we describe three cross-links to the 16S RNA from this region. The results are discussed in relation to the corresponding patterns of cross-linking from the downstream mRNA region (6) . The latter cross-links were entirely tRNAdependent, and were highly specific with respect to the position of the thio-U residue in the mRNA sequence. In contrast, the upstream cross-links show a variable dependence on the presence of tRNA, and are less specific with regard to the location of the thio-U residue within the spacer. 
MATERIALS AND METHODS
All the experimental procedures used in this study have already been described elsewhere. These include preparation and purification of 32 P-labelled mRNA analogues containing thio-U by T7 transcription from synthetic DNA templates (1); formation of ribosomal complexes in the presence of t R N A^' together with (or without) an aminoacyl tRNA cognate to the A site (4); reaction with elongation factor EF-G (4); cross-linking of the complexes with light above 300 nm (2); successive sucrose gradient centrifugations for isolation of mRNA cross-linked to 16S RNA (1); localization of the sites of cross-linking on 16S RNA by digestion with ribonuclease H (5) and primer extension analysis (5); and identification of the cross-linked thio-U residues in the mRNA by ribonuclease Tj fingerprinting (3) .
RESULTS
Examples of the mRNA sequences used in these experiments are illustrated in Figure 1 . Each mRNA analogue contains an AUG initiator codon and the Shine-Dalgarno sequence AAGGAGG, and the individual mRNAs are named according to the length of the spacer region and the position of the thio-U residue within the spacer. Thus, in series I (Figure 1 ), '8N, -3 ' denotes an mRNA with an 8-nucleotide spacer and a thio-U residue at position -3. Correspondingly, in series II, the spacer is 4 nucleotides long. Series III and IV are similar to series I and n, respectively, with the difference that they carry an additional thio-U residue at position +11, as a 'reference marker' for crosslinking from the downstream region. For simplicity, only one example for each of the mRNA series HI and IV is shown in Figure 1 , although the position of the thio-U residue within the spacer region was varied in the mRNAs as in the case of series I and n. mRNA V is a 'cro-type' mRNA (cf. refs. 3,4) carrying the UUGU spacer sequence, together-in this case-with additional downstream thio-U residues at positions +7 and +12. As usual (4, 5) , each mRNA was prepared by T7 transcription from a synthetic DNA template, using a mixture of 32 P-UTP and non-radioactive thio-UTP, in addition to ATP, CTP and GTP. For each mRNA labelled in this manner, Figure 1 also indicates the sequences which are released by ribonuclease Tj digestion as radioactive oligonucleotides; this is important for the subsequent identification (3) of the particular thio-U residues involved in the individual cross-links (see below).
The 32 P-labelled mRNA analogues were bound to E.coli ribosomes, either in the presence of tRNA^", or in the presence of tRNA^* together with an aminoacyl tRNA cognate to the adjacent A-site codon, or in the absence of tRNA, according Figure 1 . Examples of the mRNA sequences used in this study. In each sequence U denotes the residues which were incorporated into the T7 transcripts using a mixture of 32 P-UTP and thio-UTP. The underlined sequences are those which would be released by ribonuclease T| fingerprinting as radioactive oligonucleotides, the asterisks indicating the residues that carry a to the procedures previously described (4) . In the case of the cro-type mRNA (mRNA V, Figure 1) , translocation experiments were also carried out, in the presence of elongation factor EF-G (cf. 4). Cross-linking of the thio-U residues was induced by irradiation at wavelengths above 300 nm (2, 12) , and the mRNA-16S RNA cross-linked complexes were then isolated by successive sucrose gradient centrifugations (1) . No crosslinking was observed to 23S RNA.
Localization of cross-linked regions in 16S RNA by ribonuclease H digestion
The patterns of cross-linking within the 16S RNA were examined by the ribonuclease H method (5), using oligodeoxynucleotides (10-or 17-mers) complementary to selected regions of the 16S sequence, and examples of the poly aery lamide gels obtained are shown in Figure 2 . In this case the mRNA was III (8N, -7) (cf. Figure 1) , and thus contained thio-U residues at positions -7 , +2 (in the AUG codon) and +11. Figure 2a shows the ribonuclease H digests from a sample prepared in the presence of tRNA^", whereas Figure 2b is from the corresponding sample prepared in the absence of tRNA. In slot 1, using oligodeoxynucleotides centred on positions 451 and 553, a band corresponding to 32 P-mRNA cross-linked to this 100-nucleotide segment of the 16S RNA can clearly be seen in Figure 2a (plus tRNA^"), whereas no such band is visible in Figure 2b (minus tRNA). This band contains the well-established tRNA-dependent downstream cross-link to position 532 of the 16S RNA (5,6), and-after extraction from the gel-ribonuclease T, fingerprint analysis of the complex (cf. Figure 5 , below) confirmed that the thio-U at position +11 of the mRNA was the cross-linked residue. Since the oligodeoxynucleotide at position 451 is also complementary to a sequence centred on position 1178 of the 16S RNA, a 365-nucleotide fragment is visible in both Figure  2a and 2b, corresponding to cross-links in the 3'-proximal region of the 16S sequence. In contrast to slot 1, slot 2 shows a band that is specific in this case for the minus tRNA sample (Figure  2b ), indicative of a cross-link lying between positions 553 and 846; this cross-link was generally formed more strongly (see Figure 3 , below) with the cro-type mRNA (V, Figure 1 ). This last cross-link corresponds to that previously reported (1, 3) , as noted in the Introduction. As will be shown later (see Figure  5 , below), three of these cross-links are to the spacer region of the mRNA, namely the 3 ' -t e d cross-link, and those between positions 553 -846 and 1302 -1387 of the 16s RNA, respectively.
Examples of ribonuclease H digests demonstrating cross-links from the spacer region in the case of the 'natural' cro-type rnRNA (mRNA V, Figure 1 ) are shown in Figure 3 . Here, slots 1 and 2 are digests from a sample prepared in the absence of tRNA.
The digest in slot 1 shows a 70-nuclwtide band, which is indicative of a cross-link between 16s R N A positions 659-727, corresponding to the 295-nucleotide band in slot 2 of Figure 2b . As noted above, this cross-link is more intense in the case of the cro-type m R N A . and was also observed. albeit weakly. in the presence of tRNAWe1 (not shown). The digest in slot 2 shows a 155-nucleotide band containing the cross-links Ijing 3' with respect to nucleotide 1387 of the 16s R N A (cf. Figure 2) . but no 85-nucleotide band is present. indicating that here there is no cross-link between positions 1302-1387. Slots 3 and 4 ( Figure 3 ) are from a sample prepared in the presence of tRNAh1" and Glu-tRNAGIU. using the same oligodeoxy- . Ribonuclease H digests of 32 P-mRNA-16S RNA complexes (cf. Figure 2 ) with cro-type mRNA (mRNA V, Figure 1 ) on 4% polyacrylamide gels (plus urea). Slots 1 and 2 are from a sample in the absence of tRNA, using oligodeoxynucleotides centred on 16S RNA positions 659, 727 (slot 1) and 1302, 1387 (slot 2). Slots 3 and 4 (with the same oligonucleotides as slot 2) are from a sample in the presence of tRNA™ 3 and Glu-tRNA Glu ; the sample in slot 4 was treated with EF-G prior to cross-linking. The 70-nucleotide fragment corresponds to a cross-link between positions 659 and 727 (in slot 1), the 85-nucleotide fragment to a cross-link between 1302 and 1387 (slot 4). The 155-nucleotide fragment (slots 2-4) corresponds to cross-links in the region 3' with respect to position 1387; (the doublet band here is due to a heterogeneous cut by the ribonuclease H within the 16S sequence complementary to the oligonucleotide at this position).
nucleotides as those of slot 2; in slot 4 the sample was treated with elongation factor EF-G prior to cross-linking (4). The band intensities in slots 3 and 4 cannot be compared directly with those of slots 1 and 2, because the 155-nucleotide band (slot 3) now additionally contains the strong tRNA-dependent cross-link from position +7 of the mRNA (Figure 1 ) to nucleotide 1395 of the 16S RNA (4), which after translocation with EF-G (slot 4) is replaced by the cross-link from position +4 of the mRNA to nucleotide 1402 or 1407 of the 16S RNA (6). However, the feature to note here is that with this mRNA the 85-nucleotide band, corresponding to the cross-link between positions 1302-1387 of the 16S RNA (cf. slot 7 in Figure 2a) , is only present after EF-G treatment (slot 4).
A large number of experiments similar to those shown in Figure 2a ). In the latter two cases, the positions of the crosslink sites within the regions defined by the ribonuclease H digestions were determined by the primer extension method (5, 13) , and examples of the gels obtained are given in Figure 4 .
Primer extension analysis
In Figure 4a , which illustrates the cross-link in the 1302-1387 region, clear stop signals which are absent from the control lanes can be seen in both cross-linked sample lanes at position 1361; applying the usual convention, this indicates a cross-link site at nucleotide 1360 of the 16S RNA. The two cross-linked samples in this case were prepared from an mRNA from series HI (Figure  1 ), in the presence of tRNA™" or tRNA™" plus AsptRNA^P, respectively, and the cross-linked 16S RNA-mRNA complex was separated from free 16S RNA by affinity chromatography on oligo-(dT) cellulose (5). In Figure 4b , showing the cross-link in the 659-727 region, the corresponding stop signal-again absent from the control lane-is at position 666 in the cross-linked sample lanes, indicating a cross-link site at nucleotide 665. Here the cross-linked samples were from three independent experiments using the cro-type mRNA (V, Figure  1 ) in the absence of tRNA, and the substrate for the primer extension analysis was a cross-linked 16S RNA fragment (from positions ca 620-790) isolated by ribonuclease H digestion and electrophoresis as in Figures 2 and 3 (4) . The 665 and 1360 crosslink sites were at the same position in the 16S RNA with all the samples tested, regardless of the particular mRNA sequence used.
The cross-link site in the 3'-terminal 45 nucleotides of the 16S RNA could not be localized by the primer extension method. Ribonuclease H digests (not shown) using decadeoxynucleotides centred on positions 1525 and 1527 of the 16S RNA liberated short cross-linked mRNA-16S RNA fragments, whereas with decadeoxynucleotides centred on position 1530 or even closer to the 3'-terminus no such fragments were released (cf. 1). This suggests that the cross-link site must be within two or three nucleotides of position 1530, and in the following we therefore refer to it as the ' 1530 cross-link'. We attempted to make primer extension analyses using an octadeoxynucleotide primer complementary to positions 1535 -1542 of the 16S RNA, butalthough this primer was effective with non-cross-linked 16S RNA fragments-no reverse transcription was observed with the corresponding cross-linked samples. We presume that the presence of the bulky cross-linked mRNA molecule so close to a.
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h. Figure 5 . Ribonuclease T l fingerprints of isolated cross-linked complexes containing 32 P-mRNA. Direction of the first dimension is from right to left, that of the second from bottom to top, and the sample application point is indicated by a dot in each case. In panels a -e the samples are from mRNA I (8N, -7) , and the oligonucleotide spots are AUGp (1) (16) to the ribosomal A and P sites (denoted by filled triangles and circles, respectively), the site of cross-linking (17) from position 34 of P-site bound tRNA (denoted by 'P34'), and sites of cross-linking (18) from position 32 of tRNA to the A, P or E sites (denoted by 'A', 'P' and ' E \ respectively). the primer binding site on the 16S RNA prevented initiation of the reverse transcription reaction. Alternatively, the ShineDalgarno sequence of the cross-linked mRNA could compete with the primer for binding to the 3'-terminus of the 16S RNA under annealing conditions. Identification of cross-linked thio-U residues in the mRNA As in our previous experiments (3,4) , the thio-U residues in the mRNA that were involved in the individual cross-links were identified by ribonuclease T| fingerprinting. For this purpose, appropriate cross-linked 32 P-mRNA-16S RNA fragments were extracted from the ribonuclease H gels (such as those of Figures  2 and 3) , and subjected to digestion with ribonuclease T x . Typical fingerprints are shown in Figure 5 . Figure 5a is the fingerprint from non-cross-linked mRNA I (8N, -7 ) (Figure 1 ), which gives a simple fingerprint with two spots corresponding to AUGp (spot 1) and AUAAAAAGp (spot 3). Figures 5b and c are from cross-linked complexes containing the 1530 crosslink in the absence (Figure 5b ) and presence (Figure 5c ) of tRNA^^, respectively. In Figure 5b , spot 1 is reduced in intensity, indicating that the thio-U within the AUG sequence is the predominantly cross-linked residue, whereas in Figure 5c spot 3 is entirely absent, indicating a specific cross-link to the thio-U residue in the AUAAAAAG sequence in the presence of tRNA. A precisely similar result can be seen in the case of the 1360 cross-link in Figures 5d and e. In Figure 5d the weak crosslink to this site found in the absence of tRNA 0^1 (which was not visible at all in the example shown with mRNA HI (8N, -7 ) in Figure 2b ) is again clearly predominantly to the AUG sequence, whereas in the presence of tRNA^" (Figure 5e ) the cross-link is specifically to the AUAAAAAG sequence. [It should be borne in mind that the mRNA analogues are synthesized using a mixture of 32 P-UTP and nonlabelled thio-UTP. Since the cross-linking reaction specifically involves only the thio-U, it follows that the isolated cross-linked complex will not contain any label at the U-position concerned, and the corresponding radioactive spot will therefore be absent from the fingerprint. For this reason, in some mRNA sequences in Figure 1 , two thio-U residues within a single ribonuclease T] oligonucleotide can be distinguished from one another; e.g. in mRNA I (8N, -3 ) a cross-link to the thio-U residue at the -3 position leads to the disappearance of the 5'-adjacent AAAAGp spot from the fingerprint (data not shown, but cf. 3)].
Dependence of cross-linking on the position of the thio-U residue
The data of Figure 5 illustrate a general principle observed in this series of experiments, namely that in the presence of tRNA**** the 665, 1360 and 1530 cross-links were specifically to thio-U residues in the spacer region between the Shine-Dalgarno sequence and the AUG codon. Expressed in another way, the thio-U residue in the AUG codon is only available for cross-linking in the absence of tRNA* 1 **, and this conclusion was valid regardless as to whether the yield of a particular cross-link was increased or decreased by the addition of tRNA 0^" . No significant differences in yield or specificity of the cross-links were observed in the presence of a second tRNA. For the reasons which we have previously discussed (6) , it is difficult to make a detailed quantitative comparison of the individual cross-links found with the various different mRNA sequences (Figure 1) , but nevertheless the following general conclusions could be drawn.
The yields of the three cross-links lay in the range of between 0.5% and 5% of the bound mRNA, with the 1530 cross-link being the strongest, and the 665 cross-link in general the weakest. The 1530 cross-link was the least sensitive to the position of the thio-U residue, and in the presence of tRNA^" the cross-link was observed with all of the mRNA sequences tested, that is to say with 4-or 8-nucleotide spacers and with the thio-U at any position within the spacer sequence (mRNA series I-IV, Figure  1) ; the cross-link tended to be more intense when the thio-U was located closer to the Shine-Dalgarno end of the spacer region. When the thio-U residue was at position -7 (in mRNA series I and HI) or position -4 (mRNA series II and IV) the level of cross-linking was similar both in the presence or absence of tRNA™". However, in contrast to the situation in the presence of tRNA, the cross-Unking level in the absence of tRNA increased progressively as the thio-U was moved closer to the AUG codon, although as just noted the cross-link in the absence of tRNA (Figure 5b ) was not specific with regard to the thio-U in the spacer region. With the cro-mRNA (mRNA V), the 1530 cross-link was observed as before (3) to the thio-U residues at positions -3 and -4 within the UUG sequence (Figure 1 ) but not to those within the adjacent UAUG motif, again indicating a higher intensity of cross-linking from positions close to the Shine -Dalgarno sequence in the presence of tRNA.
The 1360 cross-link was only seen very weakly in the mRNAs with the 4-nucleotide spacer (mRNA series II and IV), and the level of cross-linking was similar in the presence or absence of tRNA^1. In contrast, in the mRNAs with the 8-nucleotide spacer (mRNA series I and HI) the cross-linking in the presence of tRNA™ 6 ' increased markedly (much more than in the case of the 1530 cross-link above) as the thio-U residue was moved towards the Shine-Dalgarno sequence, reaching a maximum when the thio-U was at position -7 ( Figure 2a) ; the corresponding cross-linking in the absence of tRNA remained weak or even absent (Figure 2b ). In the case of the cro-mRNA (mRNA V), the 1360 cross-link was only seen after treatment with EF-G, as already mentioned (Figure 3) , and here the ribonuclease T, fingerprint analysis (data not shown) demonstrated that again the thio-U residues within the UUG sequence were involved. After treatment with EF-G these two residues become translocated from positions -3 and -4 to positions -6 and -7, respectively, and this result therefore agrees well with that just described for the mRNAs carrying a thio-U at the -7 position.
The 665 cross-link showed the opposite behaviour to that of the 1360 cross-link, in that it was noticeably more intense in the mRNAs with the 4-nucleotide spacer (mRNA series II and IV) as opposed to those with the 8-nucleotide spacer (series I and HI). Furthermore, the cross-link was stronger in the absence than in the presence of tRNA™ 6 *, and in the mRNAs with the 8-nucleotide spacer it was often not seen at all when tRNA 0^" was present (e.g. in Figure 2a ). On the other hand, the 665 crosslink was similar to the 1360 and 1530 cross-links in that its intensity increased with all mRNAs as the thio-U residue was moved towards the Shine-Dalgarno sequence, reaching a maximum with the thio-U residue at position -7 (in mRNA series I and HI) or at position -3 (in mRNA series II and IV). Again, the result obtained with the cro-mRNA (Figure 3 ) was in good agreement; here also the 665 cross-link was more intense in the absence of tRNA, although the fingerprint data (not shown, but cf. Figure 5 ) indicated a higher specificity for the thio-U residues at positions -3 and -4 within the UUG sequence in the presence of tRNA™".
A final noteworthy observation concerns the cross-linking from position +11 of the mRNA. A thio-U residue was included at this location in mRNA series HI and IV (Figure 1) , so as to give a downstream 'reference' cross-link for comparison with our previous data (4, 6) , where an entirely tRNA-dependent crosslink was observed from the +11 position to nucleotide 532 of the 16S RNA. This cross-link was indeed found (cf. Figure 2a , slot 1) in the presence of tRNA^* with all the mRNAs of series EQ and IV, but its intensity increased markedly as the thio-U residue in the spacer region was moved towards the AUG codon, reaching a maximum in both mRNA series when this thio-U was at position -1. Thus, it appears that changing the position of a U-residue in the upstream spacer region can exert effects downstream of the AUG codon. We had previously observed a similar phenomenon in the case of the cross-link from position +6 of the mRNA to nucleotide 1052 of the 16S RNA (4), where the intensity of the cross-link appeared to be strongly dependent on the nucleotide composition of the spacer.
DISCUSSION
The cross-linking data which we report here for the upstream region of the mRNA complement the results previously described for the downstream region (4, 6) , and the entire data set of both the upstream and downstream regions is summarized in Figure 6 .
The properties of the upstream and downstream cross-links differ markedly from one another. Formation of all of the downstream cross-links was highly dependent on the presence of tRNA 0^' , and each cross-link was very specific for a particular position in the mRNA. These cross-links (6) include that from position +4 of the mRNA either to nucleotide 1402 or 1407 of the 16S RNA (more recent experiments have indicated that nucleotide 1402 is in fact the correct assignment-our unpublished observations), the cross-link from position +6 to nucleotide 1052, that from position + 7 to nucleotide 1395, and that from position +11 to nucleotide 532. The positional specificity within the mRNA of the +4 and +6 cross-links was absolute, whereas in the case of the +7 and +11 cross-links, minor cross-linking from the immediately neighbouring upstream and downstream positions to the same nucleotides in 16S RNA was observed ( Figure 6 ). The strongest cross-link was that from position + 7 to nucleotide 1395, and weak non-specific crosslinking to this nucleotide was sometimes seen in the absence of tRNA (cf. Figure 2b) ; apart from this one exception, the dependence of the downstream cross-links on the presence of t R N A 0^ was absolute (cf. Figure 2a, slot 1 ). In the presence of a second cognate tRNA at the ribosomal A-site, the crosslinks from the +4, +6 and +7 positions were strongly reduced or abolished, whereas the intensity of the +11 cross-link was unaffected.
In contrast, the upstream cross-links reported here to nucleotides 665, 1360 and 1530 from within the spacer region of the mRNA were all observed (at least under some conditions) both in the presence or absence of tRNA^", and none of them were significantly affected by the addition of a second cognate tRNA at the A-site. Furthermore, the cross-links occurred with varying intensities at most or all positions within the spacer region, with both 4-or 8-nucleotide spacer sequences. In the presence of tRNA 0^' , the cross-linking was specific for thio-U residues located within the spacer sequence, whereas in the absence of tRNA the thio-U residue within the AUG codon was also involved ( Figure 5 ).
These patterns of cross-linking specificity are consistent with the idea that in the absence of tRNA the mRNA is held loosely on the ribosome via the Shine-Dalgarno interaction. In this state, the mRNA may be in a 'stand-by site' as suggested by (19) , or may simply be able to 'slide about' on the ribosome by virtue of the flexibility of the 3'-terminal region of the 16S RNA. When tRN^fMet is bound, the mRNA becomes firmly fixed in the downstream region-particularly at the A-site codon positions +4 to +6-so as to enable accurate decoding to take place, whereas the upstream region can apparently still remain relatively mobile. In this context, the observation noted above that the strength of the downstream +11 cross-link is influenced by the position of a U-residue within the spacer region (with mRNA series III and IV, Figure 1 ) is interesting, and suggests that there may be other subtle flexibilities within the ribosome-bound tRNA-mRNA complex, which could be relevant to one or other of the dynamic aspects of the decoding process, such as translocation or frame-shifting.
The 665, 1360 and 1530 cross-links provide new constraints on the three-dimensional folding of 16S RNA, and-despite the fact that the 1530 cross-link could not be localized preciselyindicate ( Figure 6 ) that helix 22, the loop-end of helix 43, the base of helix 45 and of course the Shine-Dalgarno interaction itself must occupy the same neighbourhood in the ribosome. The elements of 16S RNA depicted in Figure 6 are arranged so that those lying above the mRNA sequence are located in the 'head' region of the 30S subunit (11, 20) , whereas those below the mRNA are located in the 'body'. Thus, the finding that contacts occur from both upstream and downstream positions in the mRNA to 16S elements in both the head and body regions of the subunit is consistent with the electron microscopic placement of the mRNA channel (e.g. 21, 22) at the head-body junction. The significance of the cross-links from the downstream region of the mRNA with respect to the three-dimensional folding of the 16S RNA has already been discussed in detail elsewhere (4), but it is worth noting here that our repeated observation of the cross-link from position +11 of the mRNA (with mRNA series m and IV, see Figure 2a ) to the 530 region of the 16S RNA provides additional evidence that the latter region is located close to the decoding region (cf. 23). Furthermore, the three 16S RNA sequence regions proposed by Trifonov (24) to be involved in mRNA interaction on the basis of statistical mRNA sequence analysis-namely the sequences centred on positions 535, 1400 and 1535-are all directly implicated by the cross-linking data as being in contact with the mRNA, within or close to the decoding region. Figure 6 also shows data concerning the topographical location of the anticodon loop of tRNA, including sites of foot-printing from tRNA bound at the ribosomal A and P sites (16) , the crosslink from position 34 of P-site bound tRNA to nucleotide 1400 of the 16S RNA (17) , and also a recent set of cross-links from position 32 of the anticodon loop of tRNA bound at the A, P or E site (18) . In the three-dimensional structure of tRNA (e.g. 25) position 32 lies on the opposite side of the anticodon loop to positions 34-36, which form the codon-anticodon interaction. These cross-link sites thus form a data set which complements the mRNA cross-links, the two data sets together forming the basis for a detailed three-dimensional model of the decoding region of the 30S subunit which we are currently developing.
A final question to consider is the degree of conservation of the 16S RNA regions which we have identified in our mRNA cross-linking studies. The ultraviolet-induced cross-links from thio-U residues are of 'zero length', and therefore each of these cross-links implies a direct contact to the 16S RNA nucleotide concerned. It is noteworthy that all four of the downstream crosslinks ( Figure 6 ) are to nucleotides which are universally conserved in all small ribosomal subunit RNA molecules (15) . The upstream cross-links to positions 665 and 1360 are not to conserved nucleotides, but nevertheless are to universally conserved elements within the secondary structure (26) . The remaining cross-link-to position ca 1530-lies close to the base of helix 45, which is also a universally conserved secondary structural element, although of course the anti-Shine-Dalgarno sequence at the extreme 3'-end of the 16S RNA is missing from the eukaryotic 18S ribosomal RNA (26) . From this pattern of conservation, we suggest that the contacts we have observed between mRNA and 16S RNA reflect an mRNA path through the small subunit which is of general significance for all species of ribosome.
